A ngiogenesis, the formation of neovasculature from an existing vascular bed, involves a temporal series of discrete but overlapping events, including chemoinvasion, proliferation, and tubulogenesis by endothelial cells. Given the pathophysiological implications of angiogenesis, the molecular dissection of angiogenic signaling is clinically important.
Hepatocyte growth factor/scatter factor (HGF/SF) is a mesenchymally derived signal that acts through the c-met receptor as a morphogen and mitogen for epithelial cells 1 and hepatocytes 2 and is implicated in both developmental and adult processes. 3 In addition to mediating tumor-stromal interaction in a paracrine loop, 4 HGF/SF can induce vascular endothelial growth factor (VEGF) 5 and promote angiogenesis. 6 However, we observed that HGF/SF could independently and sufficiently induce an angiogenic response in the presence of a VEGF-receptor blockade, necessitating the development of alternative strategies to inhibit HGF/SFinduced pathophysiological angiogenesis. 7 In an interesting study, c-met was shown to play a prominent role during Ras-mediated tumor growth and metastasis. 8 Ras has emerged as a convergent molecular switch that integrates and propagates extracellular signals to downstream cascades, the best characterized of which are the phosphatidylinositol-3-kinase (PI3K) and the mitogen-activated protein kinase (MAPK) pathways. By acting through these pathways, HGF/SF has been implicated in inducing the expression of proangiogenic cytokines in carcinoma. 9 The present study was therefore designed to elucidate and target the downstream signaling cascades in an attempt to inhibit the HGF/SF-induced angiogenesis in vitro and in vivo.
Methods

Chemicals
PI3K inhibitors, wortmannin and LY294002 ([2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4 -1]) were obtained from Sigma and Calbiochem, respectively. PD98059 (2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-1), a MEK inhibitor, was from Tocris. Radioactive 133 Xenon was purchased from Dupont Pharma. PTK787, a VEGF receptor antagonist, was a gift from Dr Jeanette Wood of Novartis.
transfected by electroporation with a mouse HGF/SF cDNA. For experiments involving human endothelial cells, the NSO cells were transfected with a human HGF/SF cDNA to generate hrHGF/SF. The proteins were purified by elution through a heparin-sepharose column and a Mono-S column.
In Vitro Scratch Model
A confluent monolayer of synchronized human umbilical vein endothelial cells (HUVECS) was scraped with a multichannel wounder, 10 thereby producing 11 parallel lesions, each 400 m wide, on the monolayer. Coverslips were rinsed in PBS to dislodge any cellular debris and placed into a well containing the appropriate treatment. Cells were pretreated with the enzyme inhibitors for 1 hour before wounding of the monolayer. At 24 hours after the lesion was created, coverslips were washed with ice-cold PBS and fixed in 4% formaldehyde.
Recovery of the denuded area was quantified with a Leica Q500, semiautomated, computerized image analysis system. Images were grabbed with a Nikon Diaphot inverted microscope coupled to a CCD (JVC). For each coverslip, 4 fields of view were selected at random. The lesion area of each field of view was measured and then converted to give percent regeneration relative to T 0 values (attained from coverslips fixed at time of injury).
Cell Proliferation
Endothelial cells (ECs) were injured as described above and cultured for 24 hours in media supplemented with 1% FCS and the appropriate treatment. At the end of this period, they were washed in ice cold PBS and trypsinized, and cell growth was expressed as counts by use of the trypan blue exclusion method.
In Vivo Scaffold Implant Angiogenesis Assay
Surgical Protocol
This assay has been extensively validated in our laboratory against established methods such as hemoglobin measurements, 113 Sn-microsphere clearance, and histology. 11 Male balb/c mice (Tucks) were anesthetized with 4% and maintained on 2% isoflurane, in a mixture of oxygen (0.8 L/min) and nitrous oxide (0.6 L/min). An incision was made 0.5 cm caudal from the base of the tail, and two bilateral subcutaneous air pockets were created up to the dorsal subscapular region. A sterile polyether polyurethane scaffold (160 mm 3 ) was inserted into each pocket, and the incision was closed with silk sutures (Mersilk).
Administration of the drugs into the scaffold was started 24 hours after implantation and continued for 10 days. A Precision Glide 30-gauge needle (Sigma) was used to deliver the injection, and the total volume administered into the implant was kept constant at 40 L. Appropriate vehicle-treated control groups were run alongside each experiment. All the in vivo procedures were approved and conformed to the UK Home Office guidelines for handling of experimental animals.
Assay for Functional Status of Neovasculature
On day 15, the animals were anesthetized with a combination of fentanyl citrate-fluanisone and midazolam (diluted 1:1 in 20 in saline). Vascularization was assessed as a function of the blood flow through the implants, by direct injection of 133 Xe-containing saline into the scaffold and monitoring its clearance over a 6-minute period. Radioactivity was measured with a microprocessor scalar ratemeter (Nuclear Enterprise) linked to a collimated, low-energy X-ray/␥-ray NaI-crystal with an Al-entrance window, on an HG-type mount coupled to an NE 5289C preamplifier. The data were expressed as the percentage of 133 Xe cleared at every 40 seconds, calculated according to the following formula: [initial countϪcount at t(s)] ϫ 100% initial count. 12 
Macroscopic Vessel Count
After the 133 Xe-clearance measurements, animals were killed by CO 2 exposure and cervical dislocation, and the dorsal skin flap was everted. The gross angiogenic response was photographed with the use of a macro lens connected to a Nikon SLR camera. Prints were developed on Kodak plates. Angiogenesis was quantified as the in-growth of vessels in the sponge-granuloma tissue.
In Vivo Matrigel Angiogenesis Assay
Growth factor-reduced matrigel (BD), mixed with growth factor and/or drugs, was injected subcutaneously into male C57/BL6 mice. On day 9, the animals were killed by CO 2 exposure, and the skin was everted. Gross response was recorded with a high-resolution digital camera (Canon). The implants were excised and cryofrozen in OTC for immunohistochemistry.
Immunohistochemistry and Confocal Microscopy
The matrigel sections (12 m) were fixed in Ϫ20°C methanol and probed with antibody against von Willebrand factor, an endothelial cell marker. The signal was amplified with the use of a Texas red-labeled secondary antibody, and the images were captured with a Zeiss LSM510 confocal microscope. Propidium iodide was used to counterstain nuclei.
Phosphorylation of ERK1/2 and Akt
Equivalent amounts of protein per sample were electrophoretically resolved on 10% SDS-PAGE and transferred to a membrane. Proteins were detected through the use of antibodies directed to phospho ERK1/2 and phospho Akt (1:800 dilution, New England BioLabs). Polyclonal anti-Akt and anti-ERK1/ERK2 antibodies (Santa Cruz Biotechnology) were used at a 1:500 dilution to detect the level of total proteins. Membranes were incubated with a 1:2000 dilution of the appropriate horseradish peroxidase-conjugated secondary antibody (Amersham). The immunocomplexes were visualized with the use of enhanced chemiluminescence detection (Amersham Life Science). The Western blots shown were representative of at least three separate experiments, and each panel was taken from a single immunoblot.
Statistical Analysis
Statistical significance was tested by using 1-way ANOVA followed by Dunnett's or Friedman's post hoc test. Bonferroni's test was used to test for overall dose-response effects (Graphpad Prism 3 software). A value of PϽ0.05 was considered significant.
Results
Effect of Pharmacological Inhibition of MAPK on HGF/SF-Induced Reendothelialization Response
As shown in Figure 1A , in comparison to the vehicle, HGF/SF (1 nmol/L) induced a strong phosphorylation of ERK1/2 as early as 10 minutes, and the response persisted until at least 10 hours after treatment. Treatment with PD98059 blocked the HGF/SF-induced phosphorylation of the ERKs. HGF/SF-induced a significant increase in the total recovery of the denuded area, or reendothelialization, as compared with the vehicle-treated cells, an effect that was blocked by PD98059 ( Figure 1) .
Regeneration of an injured area involves both chemokinesis and cell division. 10 In the present study, treatment with HGF/SF induced a significant increase in the cell count, which was blocked by PD98059 (Figure 1) , suggesting that the MAPK pathway is implicated in the mitogenic effect of HGF/SF on endothelial cells. Higher concentrations of PD98059 inhibited basal proliferation. The vehicle for PD98059, DMSO (0.01% to 0.5%) did not inhibit regeneration or proliferation.
Effect of Pharmacological Inhibition of PI3K on HGF/SF-Induced Reendothelialization Response
Both LY294002 and wortmannin produced a concentrationdependent inhibition of the HGF/SF-induced repair of the injured monolayer of HUVECs (Figure 2 ). Cell proliferation induced by HGF/SF was inhibited by LY294002 and wortmannin in a concentration-dependent manner (Figure 2) . However, at concentrations higher than 10 mol/L for LY294002, and 10 nmol/L for wortmannin, there was a reduction in the basal cell counts, suggesting that the basal recovery is also dependent on the PI3K activity. DMSO, used as a vehicle for LY294002, did not affect basal regeneration or cell counts at the final dilutions used.
Western blotting revealed that HGF/SF activated PI3K evident by the phosphorylation of the downstream substrate Akt, which is inhibited by LY294002 (Figure 2 ) Furthermore, the late-stage phosphorylation of MAPK was more susceptible to inhibition by LY294002 (1 mol/L), whereas early phosphorylation was partially inhibited at a much higher concentration (20 mol/L) ( Figure 2G) . Interestingly, the late-phase activation of MAPK by HGF/SF was not affected by PTK787, a VEGFR antagonist (Figure 2 ).
Induction of Angiogenesis by HGF/SF In Vivo and Effect of Pharmacological Inhibitors of MAPK and PI3K
As shown in Figure 3 , HGF/SF induced a dose-dependent neovascular response into the scaffold, as is evident by the increase in the vessel counts and total 133 Xe cleared in the polyether-polyurethane scaffold implant murine model. A maximal effect was reached at 30 ng/sponge of HGF/SF. Interestingly, we detected a progressive increase in phosphoAkt signal in the HGF/SF-treated group over the 10-day investigative period, which was stronger than the vehicletreated group after day 2 time points ( Figure 3H ). To further implicate MAPK and PI3K in the HGF/SF-induced angiogenesis in vivo, PD98059 and wortmannin were administered into the implants before the growth factor. As shown in Figure 3 , both PD98059 and wortmannin could block the HGF/SF-induced neovascularization at the higher doses used, as is evident from vessel counts and 133 Xe clearance ( Figure  3 and Table) . At these doses, no gross phenotypic abnormalities were observed, nor was there any loss of body weight (Figure 3) .
In the matrigel implant assay, gross morphological assessment of HGF/SF-treated gels revealed a significantly greater neovascular response than seen in the presence of PD98059 and LY294002 (Figure 4) . However, this discrimination was lesser when quantified after immunolabeling against von Willebrand factor on endothelial cells. A possible reason for this discrepancy could be that a signaling blockade inhibits the HGF/SF-induced recruitment of endothelial cells, and this is evident from the lesser number of propidium iodidepositive infiltrating cells in the inhibitor-treated implants. Most likely, the individual migrating endothelial cells are too 
Discussion
In the present study, we established that HGF/SF induces angiogenesis by activating the MAPK and the PI3K pathways and that targeting these signal transducers by using pharmacological inhibitors could be harnessed as a therapeutic approach for the inhibition of HGF/SF-induced pathological angiogenesis. Furthermore, we demonstrated that there is a temporal relation between the activation of the two pathways, with a prolonged activation of the MAP kinase pathway and the delayed phase being more susceptible to modulation by the PI3K pathway. By using a deconstructional approach, in which we replicated all the key steps in the angiogenic process in vitro, we demonstrated that HGF/SF could promote each of these steps, that is, chemoinvasion, proliferation, and tube formation by endothelial cells, spatiotemporally implicating the two signaling cascades in these steps for the first time.
HGF/SF, and its receptor c-met, have been implicated in contributing to tumorigenicity by altering cellular differentiation and by stimulating tumor neovascularization. 13 Furthermore, HGF/SF has been implicated in inducing angiogenesis in diabetic retinopathies, 14 psoriasis, 15 and arthritis, 16 both in cohesion with and independent of other angiogenic factors. 6, 17 Interestingly, however, research into the mechanisms of angiogenic action of HGF/SF and the development of modulating therapeutics against it has been overshadowed by the importance being placed on VEGF.
An interesting approach for inhibiting HGF/SF-induced angiogenesis would be by blocking the downstream signal transduction cascade. The optimal level for intervention in a signaling pathway remains debatable but should reflect a maximal therapeutic outcome with minimal toxicity to normal tissues. However, most of the studies elucidating the mechanisms of action of HGF/SF have been carried out with epithelial cells that undergo a scattering response on exposure to the growth factor 3 and have implicated the Ras3 MEK3 MAPK and the PI3K pathways in the phenotypic outcome. 18 To elucidate the angiogenic mechanisms of action of HGF/SF, we used a multiple scratch model to mimic the pathophysiological situation and amplify signals. 11 Contact-inhibited endothelial cells were injured, switching them from a physiological "off' state to a pathophysiological "on" state. Incubation with HGF/SF promoted a fast and prolonged activation of the MAPK pathway, indicated by the rapid change in the phosphorylation of ERK1/2, which persisted for 10 hours after injury. Indeed, HGF/SF promoted recovery of the denuded area and proliferation of the endothelial cells, effects that were blocked by PD98059 and LY294002, highly selective pharmacological inhibitors of the MEK and PI3K, respectively, 19 implicating both these pathways in HGF/SF-induced angiogenesis.
The MAPK pathway is among the well-characterized cascades downstream of Ras, and mutation of the latter resulting in the permanent "switching on" is implicated in tumorigenesis. HGF/SF had been shown to activate Ras, 20 which can interact with GTPase-activating proteins (GAP), Grb2 proteins, or Sos. However, therapeutic approaches targeting Ras-Grb2, Ras-Sos, or Ras-GAP have not been preclinically successful. 21 Binding of Ras to GTP results in the activation of Raf kinase, which then phosphorylates MEK triggering the sequential phosphorylation of the MAPK module. In an interesting study, Sebolt-Leopold et al 22 reported the suppression of the growth of colon tumors with a concomitant reduction in neovascularization after treatment with a MAPK inhibitor, PD184352, currently undergoing clinical trials. In the present study, we observed a significant reduction in the HGF/SF-induced functional angiogenesis in vivo. This was consistent with the observations of Milella et al, 23 in which the MEK3 MAPK transduction module was targeted by small molecule inhibitors, resulting in a profound inhibition of acute myeloid leukemia, with little effect on cells with low steady-state MAPK activity. However, we did observe that higher concentrations of PD98059 inhibited the basal cell proliferation in vitro, suggesting that basal recovery by endothelial cells after an injury is dependent on MAPK activity.
In the temporal sequence of angiogenesis, endothelial cell proliferation is preceded by the invasion and migration of the cells toward an angiogenic cue. We found that both PD98059 and LY294002 could block the chemoinvasion of endothelial cells promoted by HGF/SF without altering the basal response (see Data Supplement Figure I ). HGF/SF promotes cell adhesion to the extracellular matrix, followed by invasion mediated by integrins through a PI3K-dependent mechanism. 24 Although PI3K inhibition blocked HGF/SF-induced tubulogenesis in a matrigel assay, 7 the MAPK inhibitor failed to induce a similar effect (see Data Supplement Figure II) . This was consistent with a recent report in which U0106, a MAPK inhibitor, had no effect on HUVEC tubulogenesis. 25 Mutated c-met receptors that hyperactivated Ras interact more efficiently with PI3K, 26 and activated mutants of PI3K Scaffolds were harvested 1 hour after administration of HGF/SF, pulverized in lysis buffer, and reconstituted in sample buffer. Equal proteins were resolved on 10% SDS-PAGE gel, transferred onto a nitrocellulose membrane, and probed with antibody against phosphorylated Akt. Levels were normalized against total Akt levels in the same blots. Graph depicts temporal changes in levels of phosphorylation, when levels of total Akt were normalized and equal at all time points. C indicates vehicle-treated controls; H, HGF/SF (30 ng/scaffold). Faster clearance indicates enhanced functionality of neovasculature, that is, more blood is flowing through the implant. T 1/2 clearance was calculated by nonlinear regression curve fitting using 1-phase exponential decay equation. Data are meanϮSEM of nϭ4 to 8.
Effect of Inhibition of PI3K and MAPK on HGF/SF-Induced
Sengupta et al HGF/SF Signaling and Antiangiogenesis
can activate Akt. 27 HGF/SF was found to phosphorylate Akt in vivo, and treatment with the PI3K inhibitors completely abolished the angiogenic effects of HGF/SF and the phosphorylation of Akt. Furthermore, PI3K inhibitors resulted in the loss of cells below basal level, suggesting that PI3K could be mediating an additional survival signal, which can be studied further. An interesting observation in this study, implications of which on angiogenic outcome is yet unclear, was that pretreatment with LY294002 inhibited the late-phase HGF/ SF-induced phosphorylation of ERK1/2, suggesting a contribution of the PI3K pathway into the prolonged activation of the MAPK pathways, though the fast activation of the latter less susceptible to such modulation. Additionally, the failure of PTK787 to block the late-phase phosphorylation of ERKs indicates that this component is independent of the paracrine involvement of VEGF. It has been demonstrated that signals emerging from PI3K␥ could phosphorylate MAPK, 28 and this sequence of activation was crucial for the HGF/SF-induced scattering of human hepatoma cells. 29 The current observation could explain PI3K as a key and sufficient signal for mediating the HGF/SF-induced angiogenesis.
Sebolt-Leopold 22 demonstrated the antitumorigenic potential of targeting the MAPK cascade. Furthermore, Solorzano et al 30 suggested that determining the activation status of the Erk and Akt signaling pathways in tumor ECs may serve as a surrogate marker for the effectiveness of antiangiogenic regimens. The present study is the first to evaluate the possible targeting of these two signaling pathways for the inhibition of HGF/SF-induced angiogenesis. Furthermore, both these pathways were implicated in mediating the HGF/ SF-induced release of proangiogenic cytokines, 9 and obviously the inhibitors would disrupt the carcinoma-EC crosstalk. These pathways are additionally upregulated by other angiogenic factors, such as VEGF, FGF. And so forth, and therefore a downstream blockade could implement a global blockade of pathological angiogenesis. Although the present study did not raise any obvious toxicity profile, there are still insufficient safety profiles on the inhibitors of the MAPK or PI3K module; however, this may emerge as a putative strategy to manage conditions characterized by overt activation of the signals. Images were captured with resolution of 512ϫ512 pixels. Controls undertaken by omitting primary antibody were imaged by using same settings for laser power and gain and showed no specific fluorescence. Graph depicts vessel density in different treatment groups. Data are expressed as meanϮSEM, nϭ3. ***PϽ0.001 vs vehicle control. ϩPϽ0.01 vs HGF/SF treatment.
